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FRDWLQJPDWHULDOVWREHFRPELQHGUDQJLQJIURPLURQFREDOWRUQLFNHOEDVHGKDUGDOOR\VRQVWHHOVWRFHUDPLFFRDWLQJV
RQDOXPLQLXP'RZGHQ
,QODVHUFODGGLQJWKHODVHUEHDPLVGHIRFXVHGRQWKHZRUNSLHFHZLWKDVHOHFWHGVSRWVL]H7KHSRZGHULVFDUULHG
E\DQLQHUWJDVWKURXJKDVSHFLILFQR]]OHDQGLVSURMHFWHGLQWRWKHPHOWSRRO7KHODVHURSWLFVDQGSRZGHUQR]]OHDUH
PRYHGDFURVVWKHZRUNSLHFHVXUIDFHWRGHSRVLWWKHFRPSOHWHOD\HUV
,Q SODVPD WUDQVIHUUHG DUF 37$ FODGGLQJ WKH FRDWLQJ SRZGHU LV WUDQVSRUWHG E\ DQ LQHUW JDV VWUHDP LQWR WKH
SODVPDRIDQHOHFWULFDUFZKHUHLWLVPHOWHG0ROWHQSRZGHULVWKHQWUDQVIHUUHGWRWKHVXEVWUDWHE\DPDLQDUFDQGLV
ODLG GRZQ DV D WUDFN 7KH ZLGWK RI WKH WUDFN PD\ EH LQFUHDVHG E\ RVFLOODWLQJ WKH DUF DW DQ DQJOH WR WKH WUDYHO
GLUHFWLRQ$KLJKFODGWKLFNQHVVDQGDODUJHWUDFNZLGWKFDQEHSURGXFHGLQDVLQJOHSDVV7KHFODGLVKRPRJHQHRXV
DQGDVWURQJPHWDOOXUJLFDOERQGLVIRUPHGZLWKWKHVXEVWUDWH,QFRPSDULVRQZLWKODVHUFODGGLQJEHFDXVHWKHHQHUJ\
LQSXW LVKLJKHU WKH+HDW$IIHFWHG=RQH+$= LVPRUHH[WHQGHG WKHGLVWRUWLRQ LVJUHDWHUDQG WKHGLOXWLRQUDWH LV
KLJKHU 7KLVPD\ QRW EH D FRQFHUQ IRU ODUJH DUHD FRYHUDJH EXW LW OLPLWV WKH VXLWDELOLW\ RI WKH SURFHVV IRU VPDOO
FRPSRQHQWV
,QYLHZRIWKHDERYHWZRVDPSOHVZHUHFRDWHGE\GLIIHUHQWSURFHVVFODGGLQJVODVHUDQG37$$SRZGHURID
KLJKFKURPLXPDOOR\ZDVXVHGGXULQJSURMHFWLRQLQERWKSURFHVVHV
0DQ\VWXGLHVKDYHIRFXVHGLQWKHLQIOXHQFHRIODVHUSDUDPHWHUVLQWKHPLFURVWUXFWXUHUHILQHPHQW+HPPDWLHWDO
KDYHVWXGLHGWKHHIIHFWRIFODGGLQJVSHHGRQWKHSKDVHFRQVWLWXWLRQDQGWKHILQDOSURSHUWLHVRI$,6,,W
ZDVDPDUWHQVLWLFVWDLQOHVVVWHHOFRDWLQJGHSRVLWHGE\ODVHUILEUHDWFODGGLQJVSHHGVXSWRPPV
,QWKHFXUUHQWUHVHDUFKHIIHFWVRIODVHUFODGGLQJDQG37$SURFHVVSDUDPHWHUVRQSKDVHFRQVWLWXWLRQKDUGQHVVDQG
ZHDUUDWHRIWKHKLJKFKURPLXPKDUGIDFLQJDOOR\VGHSRVLWHGFRDWLQJVDUHH[DPLQHGDQGFRQWUROOLQJPHFKDQLVPVDUH
H[SODLQHG
([SHULPHQWDO
2.1 Process Set-up 
7KHODVHUFODGGLQJKDVEHHQFDUULHGRXWE\D.:1G<$*ODVHU75803)+/'RSHUDWLQJLQFRQWLQXRXV
ZDYH Ȝ QPDQG LQVLGH DQRSWRPHFPDFKLQH /(1657KLVPDFKLQH LQFOXGHV D ODUJHZRUN HQYHORSH
[[PPDD[LV&1&FRQWUROV\VWHPDQ LQWHJUDWHG*DV3XULILFDWLRQ6\VWHPZKLFKPDLQWDLQV2
OHYHOFRQWLQXRXVO\SSPLQWKHZRUNHQYHORSHDQGDQLQWHJUDWHGGXDOSRZGHUIHHGHUV
$GHIRFXVHGQHDU*DXVVLDQODVHUVSRWLVSURYLGHGE\DPRSWLFDOILEUHGHOLYHU\7KHRIIVHWEHWZHHQWKHODVHU
KHDGDQGGHSRVLWLRQSRLQWZDVDFRQVWDQWGLVWDQFHRIPPUHVXOWLQJLQDQHDUPPEHDPGLDPHWHU
7KHVXEVWUDWHPDWHULDOZDV/VWDLQOHVVVWHHOSODWH[[PPLQOHQJWKZLGWKDQGKHLJKWUHVSHFWLYHO\
7KHFKHPLFDOFRPSRVLWLRQUDQJHRI$670/VWDLQOHVVVWHHODSSHDUVLQWDEOH
7DEOH&KHPLFDOFRPSRVLWLRQRIVXEVWUDWHRQ/VWDLQOHVVVWHHOSURYLGHGE\WKHVXSSOLHU
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2.2 Microstructural investigation 
6SHFLPHQVZHUHSUHSDUHGXVLQJDVWDQGDUGPHWDOORJUDSKLFSURFHGXUHE\KRWPRXQWLQJLQUHVLQJULQGLQJRQZDWHU
OXEULFDWHGJUDGHG6L&SDSHUV JULW DQGSROLVKLQJZLWKGLDPRQGSDUWLFOHV DQGóPVL]H LQ
6WUXHUVDXWRPDWLFSROLVKLQJPDFKLQH6SHFLPHQVZHUHHWFKHGLQDVROXWLRQFRPSRVHGZLWKPORIK\GURFKORULF
DFLGYROPORIDFHWLFDFLG&+&2+DQGVDWXUDWHGZLWKSLFULFDFLG&+12WRUHYHDOWKHJHQHUDO
PLFURVWUXFWXUH6SHFLPHQVZHUHDOVRHWFKHGE\DQRWKHUFKHPLFDODWWDFNVROXWLRQFRPSRVHGZLWKPORI+&O
YROPORIQLWULFDFLG+12DQGPORIGLVWLOOHGZDWHULQRUGHUWRUHYHDOWKH+$=LQWKHVXEVWUDWHPDWHULDO
$QRSWLFDOPLFURVFRSH2/<0386%+DQGD6FDQQLQJ(OHFWURQ0LFURVFRSH+,7$&+,6(0ZLWKHQHUJ\
GLVSHUVLYH VSHFWURVFRS\ ('6 IDFLOLW\ZHUH XVHG WR FKDUDFWHUL]H WKHPLFURVWUXFWXUH DQG WR ILQG RXW WKH HOHPHQWV
GLVWULEXWLRQRIWKHFRQVWLWXHQWSKDVHVLQWKHUHVXOWLQJGHQGULWLFVWUXFWXUH&URVVVHFWLRQDOVL]HDQGVSDFLQJRIHXWHFWLF
FDUELGHZHUHDSSUR[LPDWHGE\PHDVXUHPHQWVIURPWHQGLIIHUHQWDUHDVLQ6(0PLFURJUDSKV7KHYROXPHIUDFWLRQVRI
HXWHFWLFFDUELGHVLQHDFKVDPSOHLQWKHKLJKFKURPLXPFDVWLURQZHUHGHWHUPLQHGE\DQLPDJHSURFHVVLQJVRIWZDUH
*,03
$76/EDFNVFDWWHUGLIIUDFWLRQV\VWHPLQVWDOOHGLQVLGHD3+,/,36;/)(*VFDQQLQJHOHFWURQPLFURVFRSHZDV
XVHGWRFROOHFW2,0GDWDDW.H97KHSROLVKHGVDPSOHVZHUHPRXQWHGLQWKHVFDQQLQJHOHFWURQPLFURVFRSHVXFK
WKDWWKH\ZHUHDWQRUPDOWRWKHHOHFWURQEHDPGLUHFWLRQ7KH.LNXFKLSDWWHUQVKDVHDVLO\LQGH[HGWKHDXVWHQLWH
SKDVHRIWKHKLJKFKURPLXP)HEDVHGDOOR\$QDXWRPDWHGLQGH[LQJUHJLPHZDVXVHGLQHDFK(%6'REVHUYDWLRQWR
GHWHUPLQHWKHODWWLFHRULHQWDWLRQDQGUHYHDOLQJJUDLQVWUXFWXUH

2.3 Mechanical characterization 
2.3.1 Microhardness measurement 
0LFURKDUGQHVV YDULDWLRQ RI WKH FURVVVHFWLRQ IURP WKH OD\HU VXUIDFH WR WKH VXEVWUDWH ZDV PHDVXUHG XVLQJ D
9LFNHUV KDUGQHVV WHVWHU &/(0(; &07+' 7KH DSSOLHG ORDG ZDV D  1 DQG D GZHOO WLPH RI  V 7KH
PHDVXUHPHQWVZHUHPDGHDORQJWKHPLGGOHRI WKHFODGFURVVVHFWLRQV7KUHHOLQHVRI LQGHQWDWLRQDFURVV WKHOD\HUV
KDYHEHHQPDGHWRHQVXUHWKHGHWHFWLRQRIPLFURKDUGQHVVYDULDWLRQVDWWKHERQGLQJLQWHUIDFHRIWKHRYHUODSSHGFODG
WUDFNV7KHVSDFLQJEHWZHHQVXFFHVVLYHSRLQWVDQGVXFFHVVLYHOLQHZDVPILJXUH
)LJ2SWLFDOPLFURJUDSKRIWKHWKUHHOLQHVRI9LFNHUVPLFURLQGHQWDWLRQLQWKHLQWHUIDFHEHWZHHQWKHSODWHDQGWKHFODGOD\HU
1DQRLQGHQWDWLRQWHVWVZHUHSHUIRUPHGXVLQJD;30761DQR,QGHQWHUHTXLSSHGZLWKD1DQRSRVLWLRQLQJVWDJH
'&0,,KHDGZLWKD%HUNRYLFKWLSHTXLSSHGZLWK&60&RQWLQXRXV6WLIIQHVV0HDVXUHPHQW
$ JULG RI  î  LQGHQWV ZDV UHDOL]HG RYHU D VTXDUHG DUHD RI  î  ȝPð ZLWK D VSDFLQJ RI  ȝP DQG D
PD[LPXP LQGHQWDWLRQ GHSWK RI  QP &60 WHVWLQJ UHTXLUHG DERXW  K QDQRLQGHQWHU ZRUNLQJ WLPH HDFK
LQGHQWDWLRQODVWLQJDERXWPLQ
,Q WKLVZRUN D QRYHO WHFKQLTXH EDVHG RQ VWDWLVWLFDO QDQRLQGHQWDWLRQZDV H[SORLWHG WR REWDLQ UHVXOWV DERXW WKH
PLFURVWUXFWXUHEXLOGXSDQGWKHPHFKDQLFDOSURSHUWLHV
&RDWLQJ

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P

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2.3.2 Wear test 
$ SLQRQGLVN WULERPHWHU +7+ &60 ,QVWUXPHQWV ZDV HPSOR\HG DW URRP WHPSHUDWXUH ZLWKRXW OXEULFDWLRQ WR
HYDOXDWHWKHGU\VOLGLQJZHDUUHVLVWDQFHRIWKHFODGOD\HUVDWURRPWHPSHUDWXUH$&EDOOVSHFLPHQPP
ZDVUXEEHGDJDLQVWDURWDWLQJGLVNZLWKPPRIWKHSLWFKFLUFOHGLDPHWHU7KHVL]HRIWKHZHDUWHVWVDPSOHZDV
[[PPZLGWKOHQJWKDQGWKLFNQHVVUHVSHFWLYHO\7KHQWKH\ZHUHSROLVKHGWRDURXJKQHVVYDOXH5DOHVV
WKDQPE\JULQGLQJZLWKJULW6L&DEUDVLYHSDSHUEHIRUHZHDUWHVWLQJLQRUGHUWRUHGXFHWKHWLPHSHULRGWR
UHDFKWKHVWHDG\VWDWH7KHZHLJKWORVVRIWKHSLQZDVPHDVXUHGDIWHUDFRXUVHRIPZLWKDEDODQFHXSWRPJ
7KHWULERPHWHUJHQHUDWHVDFLUFXODUPRWLRQZLWKDPPEDOOLQGHQWHUXQGHUDSUHFLVHO\DSSOLHGIRUFHGXULQJK
7DEOHVKRZVWKHSDUDPHWHURIWKHZHDUWHVW$IWHUWKHWHVWWKHGHSWKRIWKHWUDFNZHDUZDVUHFRUGHGE\9((&2
:\NR17SURILORPHWHUDQGWKHZRUQVXUIDFHZDVREVHUYHGE\D-(2/±-60/96(0
7DEOH:HDUWHVWSDUDPHWHUV
3DUDPHWHUV &KDUJH 6SHHG 7HPSHUDWXUH (QYLURQPHQW 'LVWDQFH
9DOXH 1*3D PV & $UJRQ P

)LQDOO\ WKH VXUIDFH PLFURVWUXFWXUH RI WKH ZRUQ VDPSOHV ZDV DQDO\VHG E\ 2O\PSXV RSWLFDO PHWDOORJUDSKLF
PLFURVFRSH20DQGWKHQWKHZHDUPHFKDQLVPRIWKH)H&U&0R0QGHSRVHGE\ERWKSURFHVVHV37$DQGODVHU
ZDVGLVFXVVHG
5HVXOWVDQGGLVFXVVLRQ
3.1 Microstructure 























)LJ$FURVVVHFWLRQRIWKHFRDWLQJVKRZLQJLWVPDLQJHRPHWULFDOFKDUDFWHULVWLFVXQGHUWKHFRQGLWLRQRIDODVHUSURFHVVLQJDQGE37$
FODGGLQJ
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)LJXUHVKRZVWKH20PDFURSURILOHREWDLQHGRIDFODGGHGVSHFLPHQPDGHUHVSHFWLYHO\E\ODVHUFODGGLQJILJ
D DQG 3ODVPD7UDQVIHUUHG$UF ILJ E 7KH JHRPHWULFDO FKDUDFWHULVWLF RI WKH FURVV VHFWLRQ FRXOG UHIOHFW WKH
TXDOLW\RIWKHFRDWLQJ
,QODVHUFODGGLQJWKHERXQGDULHVRIWKHDGMDFHQWGHSRVLWLRQOD\HUUHPHOWLQJOLQHVZHUHGHWHFWHGLQGLFDWLQJWKDW
RQO\WKHWRSUHJLRQRIWKHSUHYLRXVGHSRVLWUDWKHUWKDQWKHZKROHUHJLRQRIWKHFRDWLQJZDVPHOWE\HDFKGHSRVLWLRQ
SURFHVV
7KHZLGWK:WKHFRDWLQJKHLJKW+ WKHPHOWGHSWK'IRUHDFKFODGGLQJSURFHVVZHUHPHDVXUHG)RUVSHFLPHQ
PDGHE\ODVHUFODGGLQJWKHFODGOD\HUZLGWKUDQJHGIURPPPWRPPZKLFKLVVOLJKWO\JUHDWHUWKDQWKHVSRW
ODVHUGLDPHWHUPP7KHPROWHQ GLOXWLRQGHSWKZDVEHWZHHQPWRP7KHDYHUDJHWKLFNQHVVRI
HDFKOD\HUZDVPPDQGWKHRYHUODSSLQJFRQVLGHUHGZDVDULRXQG
)LJXUH E VKRZVD UHPDUNDEOH OHYHORIGLOXWLRQ LQ WKH37$VDPSOH*HRPHWULFDOPHWKRG UHYHDOVP WKH
WKLFNQHVVRIWKHPHOWHG]RQHRIVXEVWUDWHDQGGHSRVHGPDWHULDOZKLFKLQFUHDVHWKHIUDFWLRQRIGLOXWLRQWR
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)LJ7KHPLFURVWUXFWXUHRIWKHFODGOD\HULQWKHFURVVVHFWLRQRIVDPSOHPDGHE\DODVHUFODGGLQJDQGE37$SURFHVV
)LJXUH  VKRZVPLFURJUDSKV RI WKH W\SLFDO FODGGLQJPLFURVWUXFWXUH REWDLQHG XVLQJ/DVHU DQG 37$SURFHVVLQJ
FRQGLWLRQV7KH VWUXFWXUH FRQVLVWV RI SULPDU\ )HEDVHG GHQGULWHV WKHZKLWH SKDVH RI IDFH FHQWUHG FXELF )&&
DXVWHQLWHVXUURXQGHGE\DQHXWHFWLFQHWZRUNRI0&DQG0&FDUELGHVWKHGDUNSKDVHZKLFK0UHIHUUHGWRD
UDQGRPO\GLVRHUVHG)H&U0R
$PDUNHGGHFUHDVHLQWKHVL]HRIWKHVROLGLILFDWLRQPLFURVWUXFWXUHLVREVHUYHGIURPWKH37$GHSRVLWVWRWKHODVHU
RQHV$Q LPDJH SURFHVV VRIWZDUH *,03ZDV XVHG WR GHWHUPLQH SUHFLVHO\ WKH YROXPH IUDFWLRQ RI LQWHUGHQGULWLF
SKDVHIRUHDFKVDPSOH7KHKDUGLQWHUGHQGULWLFSKDVHIUDFWLRQLQFUHDVHIURPLQ37$VDPSOHWR
LQODVHUVDPSOH 7RFKDUDFWHUL]HWKHVL]HRIPLFURVWUXFWXUH WKHVHFRQGDU\GHQGULWHDUPVSDFLQJ6'$6KDVEHHQ
PHDVXUHG)RUDJLYHQGHQGULWHSULPDU\DUPWKHPHDQVSDFLQJZDVGHULYHGIURPDPHDVXUHPHQWRIRYHUYDOXHV
7KLVPHDQYDOXHZDVWKHQGHWHUPLQHGRQGLIIHUHQWORFDWLRQVRIWKHODVHUWUDFHRYHUODSSLQJDUHDFHQWHURIWKHWUDFH
UHPHOWLQJ DUHD LQWHUIDFH HWF7KH VHFRQGDU\ LQWHUGHQGULWLF VSDFH LQ ODVHU FODGGLQJ DQG37$ZHUH VKRZQ WREH
FRPSULVHGEHWZHHQPWRPDQGPWRPUHVSHFWLYHO\
7KHVHPLFURVWUXFWXUDO YDULDWLRQVZHUH DVVXPHG WR EH FORVHO\ UHODWHG WR VROLGLILFDWLRQ FRQGLWLRQV LQPHOWSRRO
LQFOXGLQJVROLGLILFDWLRQVSHHGDQGWKHUPDOJUDGLHQW)UHQNHW.XU]
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 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
)LJ$QDO\VLVDUHDIRU6(0('6D/DVHUVDPSOHDQGE37$VDPSOH

7KH UHILQHPHQW RIPLFURVWUXFWXUH ZDV DWWULEXWHG WR D GHFUHDVH LQ WKH UDWLR RI WKH WHPSHUDWXUH JUDGLHQW WR WKH
VROLGLILFDWLRQUDWH6ORZFRROLQJUDWHUHVXOWIURPKLJKOLQHLFHQHUJLHVKLJKSRZHUDQGORZWUDYHOVSHHGZKLOHIDVW
FRROLQJUDWHUHVXOWVIURPORZODVHUSRZHUDQGKLJKSURFHVVWUDYHOVSHHG7KH37$SURFHVVKDVDQHTXLYDOHQWSRZHU
RI
:<LHOGZKHUHDVWKHSRZHUXVHGGXULQJODVHUFODGGLQJZDVRQO\:7KHVL]HRIWKHODVHUVSRW
DQG37$LVPPDQGPPUHVSHFWLYHO\7KHPHOWSRROVL]HKDVDOVRDGLUHFWLQIOXHQFHLQWKHGLOXWLRQUDWHDQGWKH
PLFURVWUXFWXUHUHILQHPHQW


)LJ6(0('6GLVWULEXWLRQRILURQDFKURPLXPEDQG0RO\EGHQXPFLQ37$FODGRIKLJKFKURPLXPDOOR\

)LJ6(0('6GLVWULEXWLRQRILURQDFKURPLXPEDQG0RO\EGHQXPFLQODVHUFODGRIKLJKFKURPLXPDOOR\
7KHFRQFHQWUDWLRQRIGLIIHUHQWHOHPHQWVLQGHQGULWHFRUHDQGLQWHUGHQGULWLFUHJLRQZDVGHWHUPLQHGE\6(0('6
SRLQW DQDO\VLV ('6 DQDO\VLV VKRZV WKDW WKH FODG PLFURVWUXFWXUHV DUH LQKRPRJHQHRXV 7KDW LV D UHVXOW RI VHYHUH
HOHPHQWDOVHJUHJDWLRQWKDWRFFXUVGXULQJVROLGLILFDWLRQ7KH)HULFKSULPDU\GHQGULWHFRQWDLQVDOOR\LQJHOHPHQWOLNH
P P P
D E F
D E F
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&UILJEDQG1LLQVROLGVROXWLRQ%XWWKHLQWHUGHQGULWLFVSDFHZHUHHQULFKHGZLWKKDUGHOHPHQWOLNHFKURPLXP
FDUELGHPRO\EGHQXPFDUELGHDQGRWKHUVHJUHJDWHGHOHPHQWVIURPWKHGHSRVLWHGDOOR\
)LJXUH  E DQG ILJXUH  F UHSUHVHQW WKH PDS GLVWULEXWLRQ RI FKURPLXP DQG PRO\EGHQXP LQ WKH GHQGULWLF
VWUXFWXUHRIDFODGPDGHE\ODVHUSURFHVVLQJ&KURPLXPDQGPRO\EGHQXPH[KLELWDQKRPRJHQHRXVGLVWULEXWLRQLQ
WKH LQWHUGHQGULWLF VWUXFWXUH IRU VSHFLPHQ PDGH E\ ODVHU +RZHYHU IRU WKH 37$ VSHFLPHQ WKH UHSDUWLWLRQ RI
FKURPLXPDQGPRO\EGHQXPLQWKHLQWHUGHQGULWLFVWUXFWXUHZDVDQWDJRQLVWILJEDQGILJF
$GGLWLRQDOHOHFWURQEDFNVFDWWHUGLIIUDFWLRQ(%6'DQDO\VLVKDVEHHQFDUULHGRXWWRLGHQWLI\WKHGLIIHUHQWIRUPHG
FDUELGHLQWKHLQWHUGHQGULWHVSDFH7KHUHZHUHHVVHQWLDOO\IRXQGWREH&U&DQG&U&SKDVHVDVVKRZQE\ILJXUH
E DQG F &U& KDV DQ KFS KH[DJRQDO FORVH SDFNHG VWUXFWXUH ZLWK ODWWLFH SDUDPHWHUV RI D  QP DQG
F QP&U&KDVDFRPSOH[IDFHFHQWHUHGFXELFVWUXFWXUHZLWKDWRPVSHUXQLWFHOOZKLFKUHVXOWVLQLWV
ODUJH ODWWLFH SDUDPHWHU RI  QP DQG WKXV WKH ORZHVWPHOWLQJ WHPSHUDWXUH DV FRPSDUHGZLWK SXUH FKURPLXP
&&KDPSDJQH
,QWKHSURFHVVRIUDSLGGLUHFWLRQDOVROLGLILFDWLRQZLWKDQXOWUDKLJKWHPSHUDWXUHJUDGLHQWLWLVEHQHILFLDOWRREWDLQ
DQ XOWUDILQH PLFURVWUXFWXUH ZKLFK UHVXOW LQ D PRUH XQLIRUP GLVWULEXWLRQ RI WKH FRPSRQHQWV DQG KLJKHU VWUHQJWK
$PLQH7KHFRUUHODWLRQEHWZHHQSKDVHFRQVWLWXWLRQVSURGXFHGE\GLIIHUHQWFRPSRVLWLRQVDQGWKHKDUGQHVVLV
HVWDEOLVKHGDQGGLVFXVVHGE\KHPPDWLHWDO,QWKLVVWXG\LWZLOOEHGLVFXVVHGODWHU



)LJ(%6'RIDGHQGULWLFFODGOD\HURIDDXVWHQLWHSKDVHEFKURPLXPFDUELGHSKDVH&U&
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 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 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)LJ/LQHVFDQDQDO\VLVIURPVXEVWUDWHWRFRDWLQJRI&UD1LEDQG6LFHOHPHQWVRIWKH37$6DPSOHDQGRI&UG1LHDQG6LI
HOHPHQWVRIWKHODVHU6DPSOH

)LJXUHVKRZVWKH('6OLQHDQDO\VLVUHVXOWVRI&U1LDQG6LHOHPHQWVFRPSRVLWLRQIURPVXEVWUDWH WRFRDWLQJ
GHSRVHGE\37$SURFHVVLQJDVVKRZQLQILJXUHDEDQGFDQGODVHUFODGGLQJDVVKRZQLQILJXUHGH
DQGI7KH('6OLQHVDQDO\VLVVKRZV WKHGHSWKRIGLOXWLRQRIVXEVWUDWH LQ WKHFODGZLWKDKLJKSUHFLVLRQ ,Q WKLV
VWXG\ WKH PDLQ HOHPHQWV FRQVLGHUHG WR HVWLPDWH GLOXWLRQ ZDV WKH 1LFNHO DQG WKH 6LOLFRQ ZKLFK VKRZ D KXJH
GLIIHUHQFHEHWZHHQVXEVWUDWHDQGGHSRVHGPDWHULDO,QWKHERXQGLQJVXUIDFHILJXUHHVKRZVDVXGGHQGHFUHDVHLQ
1L ZHLJKW SHUFHQWDJH IURP  ZW WR  ZWZKHUHDV LW FDQ EH IRXQG IURP ILJXUH  E WKDW WKHZHLJKW
SHUFHQWDJHRI1LHOHPHQWVH[KLELWVPDQ\IOXFWXDWLRQVLQWKHFODGOD\HUDQGLQWKHFRDWLQJ$QGLWLVGLIILFXOWWRVHH
WKHWUDQVLWLRQRI1LZHLJKWSHUFHQWDJHLQWKHERXQGLQJVXUIDFH7KLVUHVXOWLVUHODWHGWRWKHKLJKWOHYHORIGLOXWLRQLQ
WKH37$VSHFLPHQ
$OVRDUHPDUNDEOHLQFUHDVHRI6LHOHPHQWLQWKHERXQGLQJVXUIDFHLVVKRZQLQILJXUHI6LLQFUHDVHIURP
ZWWRZW,QILJXUHFWKHOHYHORIVLOLFRQKDVDWUDQVLWLRQLQWKHERXQGLQJVXUIDFH%XWWKHUHDUHPDQ\
IOXFWXDWLRQLQWKHFODGOD\HU
7KHGLVWDQFHEHWZHHQ WZRVXFFHVVLYHSRLQWV LQ WKH('6 OLQHVDQDO\VLV LVP7KH ILJXUHV G HDQGI
VKRZWKDWODVHUVDPSOHKDVDVXGGHQWUDQVLWLRQEHWZHHQOD\HUDQGVXEVWUDWH7KLVWUDQVLWLRQLVGLUHFWO\UHODWHGWRWKH
UDWHRIGLOXWLRQ
2QWKHRWKHUKDQG('6OLQHVDQDO\VLVGRQRWH[KLELWDVXGGHQWUDQVLWLRQLQ37$VDPSOH
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)LJ(%6'DQDO\VLVUHVXOWVDFODGOD\HUVSURFHVVHGE\DODVHUFODGGLQJDQGE37$

)LJDFKDUWUHSUHVHQWLQJWKHJUDLQVL]HUHSDUWLWLRQLQWKHDQDO\]HGDUHDRIDODVHUDQG37$E

(%6' DQDO\VLV ZDV FDUULHG RXW DW WKH FHQWHU RI WKH FODG OD\HU FURVVVHFWLRQ IRU IXUWKHU XQGHUVWDQGLQJ RI WKH
PLFURVWUXFWXUH)LJ7KHFODGOD\HUVREWDLQHGE\ERWKSURFHVVHVRI37$DQGODVHUFODGGLQJZHUHIUHHRIFUDFNV
DQG WKHPLFURVWUXFWXUHZDVPRVWO\ FROXPQDU 7KH UHILQHPHQW RIPLFURVWUXFWXUHZDV REVHUYHG YLD WKH JUDLQ VL]H
GLVWULEXWLRQKLVWRJUDP0RUH WKDQRIJUDLQ VL]HVDUH UDQJLQJEHWZHHQDQGPILJD IRU WKH ODVHU
FODGVYHUVXVWRPILJEIRU37$VDPSOHV
7KHVH UHVXOWV FRQILUP ORZHU VROLGLILFDWLRQ UDWHV IRU 37$ WKDQ IRU ODVHU ZKLFK SURPRWH D PLFURVWUXFWXUDO
UHILQHPHQWLQWHUPVRIJUDLQVL]HDQGFHOOVSDFLQJ2FHOLNHWDO
3.2 Hardness 
0LFURKDUGQHVV LVDVLJQLILFDQW IHDWXUH WKDWFDQSURYLGHXVHIXO LQGLFDWLRQVFRQFHUQLQJPHFKDQLFDOSURSHUWLHVRI
WKH FRDWLQJV +DR HW DO   7KHPLFURKDUGQHVV SURILOHV DORQJ WKH GHSWK LQ WKH FURVVVHFWLRQRI WKH FRDWLQJV
PDGHE\ ODVHU DQG37$SURFHVVLQJ DUH VKRZQ LQ ILJXUH ,Q37$VSHFLPHQ WKHPLFURKDUGQHVVZDV VKRZQ WR
LQFUHDVH VOLJKWO\ EHWZHHQ WKH ILVUW OD\HU  +9 WR WKH VHFRQG RQH  +9 7KLV VXGGHQ YDULDWLRQ LV
DWWULEXWHG WR WKH KLJK GLOXWLRQ RI KDUG GHSRVHG PDWHULDO ZLWK WKH DXVWHQLWLF VWHHO VXEVWUDWH +RZHYHU WKH
PLFURKDUGQHVVRIWKHOD\HUVPDGHE\ODVHUFODGGLQJH[KLELWDQLPSRUWDQWIOXFWXDWLRQLQWKHUDQJHRI+9WR
+9GXHWRDQRQXQLIRUPLW\RIWKHPLFURVWUXFWXUH
,QWKHERXQGLQJOD\HU/DVHUVDPSOHKDVDVXGGHQKDUGQHVVWUDQVLWLRQIURP+9WR+97KLVDEUXSW
WUDQVLWLRQLVOLQNHGWRWKHORZGLOXWLRQUDWHLQODVHUFODGGLQJ
P P
$XVWHQLWH
&U&
&U&


 
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ED


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)LJ9LFNHUV0LFURKDUGQHVVSURILOHVDFURVVWKHVXEVWUDWHWRWKHFODGGLQJIDEULFDWHGE\37$DQGODVHUFODGGLQJ

7KHDXVWHQLWLFPDWUL[ )&&SKDVHRI WKHKLJKFKURPLXPFODG LVPDLQO\ LQFKDUJHRI LWV WRXJKQHVVZKLOH WKH
FDUELGHVLQWKHLQWHUGHQGULWLFUHJLRQDFWPDLQO\RQLWVKDUGQHVV7KHJOREDOKDUGQHVVRIWKHFODGGHSHQGVRQFDUELGH
SUHFLSLWDWLRQDPRXQWFDUELGHFRPSRVLWLRQDQGFRQVWLWXWLRQ7KHUHDUHWZRW\SHRI0&FDUELGHSULPDU\)H&U
& DQG HXWHFWLF &U )H& ZLWK GLIIHUHQW UDQJH RI 9LFNHUV KDUGQHVV  DQG  UHVSHFWLYHO\
=KDQJHWDO
7KHSULQFLSOHRIVWDWLVWLFDOQDQRLQGHQWDWLRQLVGHVFULEHGLQILJXUHDQGILJXUH$VVXPLQJWKDWWKHGLVWULEXWLRQ
RIWKHKDUGQHVVDQGWKHHODVWLFPRGXOXV(LVZHOODSSUR[LPDWHGE\D*DXVVLDQGLVWULEXWLRQWKHDYHUDJHSURSHUW\RI
HDFK SKDVH FDQ E\ DQDO\WLFDOO\ REWDLQHG IRU D PXOWLSKDVH PDWHULDO E\ ILWWLQJ WKH H[SHULPHQWDO IUHTXHQF\
GLVWULEXWLRQ RI WKH PHFKDQLFDO SURSHUW\ HLWKHU ZLWK WKH WKHRUHWLFDO SUREDELOLW\ GHQVLW\ IXQFWLRQ 3') RU WKH
FXPXODWLYHGLVWULEXWLRQIXQFWLRQ&')2QO\WKRVHSKDVHVZKRVHSHDNLQWHQVLW\LVPXFKKLJKHUWKDQWKHEDFNJURXQG
QRLVHZLOOEHGHWHFWHGLQDVWDWLVWLFDOO\FRQVLVWHQWZD\6HEDVWLDQL
,QWKLVVWXG\DVWDWLVWLFDODQDO\VLVRIH[SHULPHQWDOGDWDJDYHGHWDLOHGLQIRUPDWLRQRQWKHWZRGLIIHUHQWPHFKDQLFDO
SKDVHVDV UHSRUWHG LQ ILJXUH WKDWZHUH LGHQWLILHGDV LQWHUGHQGULWLFSKDVHDQGPDWUL[SKDVH)RU ODVHUDQG37$
VSHFLPHQDXVWHQLWLFPDWUL[SKDVHKDUGQHVVDUHUDQJLQJEHWZHHQ*3D+RZHYHUWKHLQWHUGHQGULWLFSKDVHUHDFK
D KDUGQHVV RI  *3D IRU 37$ VDPSOH DQG  *3D IRU ODVHU VDPSOH 7KHVH UHVXOWV GHSHQG RQ WKH VL]H RI WKH
QDQRLQGHQWDWLRQ  P )RU 37$ VSHFLPHQ WKH ZLGWK RI LQWHUGHQGULWLF SKDVH FDQ H[FHHG WKH VL]H RI WKH
QDQRLQGHQWDWLRQ PHDVXUHPHQW )RU WKDW UHDVRQ KDUGQHVV YDOXH RI LQWHUGHQGHQWULF SKDVH FDQ EH UHODWHG RQO\ WR
IRUPHGFDUELGH
+RZHYHU ODVHU VSHFLPHQ KDV RQO\ D P RU OHVV RI LQWHUGHQWULF ZLGWK 6R +DUGQHVV YDOXH ZLOO EH DOZD\V
SDUWLDOO\FRPELQHGSDUWLDOO\ZLWKWKHGXFWLOHPDWUL[KDUGQHVV
)LQDOO\ZHFDQGHGXFHWKDWKDUGQHVVLQ37$FODGVKDYHPRUHGLVSHUVLYHYDOXH,QWKHRWKHUKDQGODVHUVSHFLPHQ
KDUGQHVVLVPRUHKRPRJHQHRXVZKLFKOHDGVWRXQLIRUPPHFKDQLFDOSURSHUWLHVLQWKHFODGOD\HU
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)LJ2SWLFDOPLFURJUDSKXVLQJDGDUNILHOGSUHVHQWLQJDJULG[RIQDQRLQGHQWDWLRQWHVWVLQ37$VDPSOHDDQGWKHKDUGQHVVJULGRI
VDPHVLPSOHE
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
)LJ2SWLFDOPLFURJUDSKXVLQJDGDUNILHOGSUHVHQWLQJDJULG[RIQDQRLQGHQWDWLRQWHVWVLQODVHUVDPSOHDDQGWKHKDUGQHVVJULGRI
VDPHVLPSOHE
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
)LJDFKDUWUHSUHVHQWLQJWKHVWDWLVWLFDOUHSDUWLWLRQRIKDUGQHVVYDOXHRID37$VDPSOHDQGEODVHUVDPSOH

3.3 Wear resistance 
7KH RSWLFDO LPDJHV ILJXUH  D DQG E VKRZ WKH ZHDU WUDFHV RI ERWK VDPSOHV 37$ DQG ODVHU 7DEOH 
UHSUHVHQWVWKHPDLQUHVXOWVRIWKHZHDUWHVWLQFOXGLQJWKHJURRYHGHSWKZHLJKWORVVDQGDYHUDJHIULFWLRQFRHIILFLHQW
)LJXUH  F VKRZV WKH HYROXWLRQ RI IULFWLRQ FRHIILFLHQW YHUVXV WLPH IRU D P VOLGLQJ GLVWDQFH/DVHU VDPSOH
H[KLELWVDFRQVWDQWIULFWLRQFRHIILFLHQWQHDUGXULQJWKHZKROHZHDUWHVW+RZHYHURQ37$VDPSOHGLIIHUHQW
VWDJHVDUHHYLGHQFHG,QWKHEHJLQQLQJRIWKHWHVWILUVWPLQWKHFRHIILFLHQWRIIULFWLRQLVEHORZWKHQLQFUHDVHV
OLQHDUO\XSWRGXULQJKRXUVEHIRUHVWDELOL]LQJLQWKHILQDOVWDJHWRDYDOXH
7KHZRUQVXUIDFHPRUSKRORJ\RIERWK37$DQGODVHUVDPSOHVDIWHUKRXUVRIVOLGLQJZHDUDQGXQGHU*3DRI
SUHVVXUHFDQEHVHHQLQILJXUHDQGILJXUH0DQ\IXUURZDSSHDUVLQWKHWZRVDPSOHVZKLFKWUDGXFHDQDEUDVLYH
ZHDUUHJLPH+RZHYHUDVHYHUHSODVWLFGHIRUPDWLRQDSSHDUVLQWKHZRUQVXUIDFHRI37$VDPSOHILJF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6OLGLQJGLUHFWLRQ
3DUWLFOHV 6HYHUHSODVWLFGHIRUPDWLRQ
)XUURZ
RWKHU KDQG D GHODPLQDWLRQZHDU ILJF DQG DPLFURIUDFWXUH ILJ E DUH YLVLEOH LQ WKH ODVHU VDPSOH7KH
DERYHSKHQRPHQRQLVH[SHFWHGWRKDYHDFORVHOLQNZLWKWKHPHFKDQLFDOSURSHUWLHVRIWKHFODGOD\HUV
$VVKRZQLQWKHPLFURVWUXFWXUHDQGKDUGQHVVFKDUDFWHUL]DWLRQRIWZRVDPSOHVODVHUVDPSOHKDVDILQHU
PLFURVWUXFWXUHDKRPRJHQHRXVHOHPHQWUHSDUWLWLRQDQGDPLQLPL]HGKDUGQHVVJDSEHWZHHQGXFWLOHPDWUL[DQGKDUG
LQWHUGHQGULWHVSDFH
)LJXUH  DQG  VKRZ WKH GLIIHUHQFHV EHWZHHQ WKH WZRZHDUPHFKDQLVP WKDW DSSHDU LQ ERWK ODVHU DQG 37$
VDPSOHV 7DEOH VKRZV WKH UHVXOWV RI ZHDU WHVW ,W LV VKRZQ WKDW JURRYH GHSWKV DQG IULFWLRQ FRHIILFLHQV RI ODVHU
VDPSOHVDUHVOLJKWO\ORZHUWKDQIRU37$VDPSOHV7KHVHUHVXOWVDUHKDUGO\OLQNHGWRWKHPLFURVWUXFWXUHUHILQHPHQW
1DQRKDUGQHVVLQFUHDVHDQGKRPRJHQHRXVRIPLFURSDUWLFOHVFDUELGHVLQWKHGXFWLOHDXVWHQLWLFPDWUL[RIODVHUFODGV
7DEOH&RPSDULVRQEHWZHHQ37$DQG/DVHUVSHFLPHQVLQWULERORJLFDOSURSULHWLHV
SDUDPHWHU :HLJKWORVV *URRYHGHSWK FRHIILFLHQWRIIULFWLRQ
/DVHU
37$
PJ
PJ
P
P




$FFRUGLQJ WR 4LQJ  WKH UHILQHPHQW RI WKH PLFURVWUXFWXUH DQG WKH SKDVH WUDQVIRUPDWLRQ IURP KDUG
0&%WR UHODWLYHO\ VRIW 0&% DIWHU DGGLQJ 0R LQ WKH )H&U%6L DOOR\ FRDWLQJ DUH KHOSIXO WR LQFUHDVH WKH
IUDFWXUH WRXJKQHVV WKXV FRQWULEXWLQJ WR LQFUHDVH WKH ZHDU UHVLVWDQFH %HVLGHV WKH VROLG VROXWLRQ VWUHQJWKHQLQJ
FDXVLQJE\0R VROLGLILFDWLRQ LVGHOHWHULRXV WR WKH IUDFWXUH WRXJKQHVVEHFDXVHRI WKH LQFUHDVH LQ WKHFU\VWDO ODWWLFH
GLVWRUWLRQ

)LJ2SWLFDOLPDJHVRIZHDUSDWKVRQFODGOD\HUVREWDLQHGE\D37$DQGEODVHUFWKHFRPSDULVRQEHWZHHQFRHIILFLHQWRIIULFWLRQGXULQJ
KRIZHDUWHVWLQERWKVDPSOHV

)LJ6(0PLFURJUDSKVRIZRUQVXUIDFHVRI)H&U&1L0R0QDOOR\GHSRVHGE\37$


>^ZWd
FED
PPPP 

7LPH>V@
)U
LF
WLR
Q





696   E. Abouda et al. /  Physics Procedia  83 ( 2016 )  684 – 696 
)UDFWXUH
6PDOOGHWDFKHG
3DUWLFOHV
'HODPLQDWLRQZHDU6OLGLQJGLUHFWLRQ
)XUURZ

)LJ6(0PLFURJUDSKVRIZRUQVXUIDFHVRI)H&U&1L0R0QDOOR\GHSRVHGE\ODVHUFODGGLQJ
&RQFOXVLRQV
$ KLJK FKURPLXP KDUGIDFLQJ DOOR\ )H&U&1L0R0Q ZDV GHSRVLWHG RQ D VWDLQOHVV VWHHO VXEVWUDWH E\ WZR
GLIIHUHQWKDUGIDFLQJSURFHVVHV3ODVPDWUDQVIHUUHG$UF37$DQG/DVHUFODGGLQJ
3DUDPHWHUVRIWKHWZRSURFHVVHVKDYHEHHQRSWLPL]HG7KHLQIOXHQFHRIKDUGIDFLQJSURFHVVHVRQWKHPLFURVWUXFWXUH
PHFKDQLFDOSURSHUWLHVDQGZHDUUHVLVWDQFHRIWKH)H&U&1L0R0QDOOR\FRDWLQJKDVEHHQVWXGLHG/DVHUFODGGLQJ
LQGXFHVDUHILQHPHQWRIWKHFODGPLFURVWUXFWXUHDQGSURYLGHVDKRPRJHQHRXVGLVWULEXWLRQRIGLIIHUHQWFDUELGHVLQWKH
LQWHUGHQGULWLFVWUXFWXUHOLNHPRO\EGHQXPFDUELGH&U&DQG&U&7KHQWKHDYHUDJHPLFURKDUGQHVVRIWKHFODG
LQFUHDVHVIURP+9WR+92QWKHRWKHUKDQGQDQRLQGHQWDWLRQUHYHDOVWKDW37$VDPSOHFRQWDLQVYHU\
KDUGSDUWLFOHVFDUELGHVLQLQWHUGHQGULWLFDUHDZKHUHDVKDUGQHVVJDUGLHQWVDUHORZHURQODVHUVDPSOHV
7KHUHILQHPHQWRIWKHPLFURVWUXFWXUHFDQEHPHDVXUHGE\VHFRQGDU\GHQGULWHDUPVSDFLQJ6'$67KHWUDQVLWLRQ
IURP37$WRODVHUSURFHVVLQJOHGWRDFRQVLGHUDEOHGHFUHDVHLQWKHVHFRQGDU\GHQGULWHDUPVSDFLQJIURPP
GRZQWRP$VDFRQVHTXHQFHWKHFODGOD\HUKDUGQHVVLQFUHDVHGZLWKERWKFDUELGHGHQVLW\DQGZLWKGHFUHDVHG
GHQGULWHDUPVSDFLQJ
/DVWWKHPLFURVWUXFWXUHWUDQVIRUPDWLRQZDVVKRZQWRKDYHDGLUHFWLPSDFWRQWKHZHDUUHVLVWDQFHRIFODGV7ZR
GLIIHUHQWPHFKDQLVPVFDQEHGLVWLQJXLVKHG DQDEUDVLYHZHDUZLWKD VHYHUHGHIRUPDWLRQ IRU37$DQGDQDEUDVLYH
ZHDUZLWKDSSHDUDQFHRIGHODPLQDWLRQSDUWLFOHVGHWDFKPHQWDQGPLFURIUDFWXUHIRUDQGODVHUFODGV
'XHWRWKHKRPRJHQHLW\DQGWKHKDUGQHVVLPSURYHPHQWRIWKHFODGWKHIULFWLRQFRHIILFLHQWRIODVHUVDPSOHVZDV
VKRZQWREHVWDEOHDOODORQJWKHZHDUWHVWZKHUHDV37$VDPSOHVDUHVXEPLWWHGWRYDULDWLRQVLQFUHDVHZLWKWLPH
5HIHUHQFHV
$PLQH71HZNLUN-:/LRX)$QLQYHVWLJDWLRQRIWKHHIIHFWRI'0'SDUDPHWHUVRQWKHFKDUDFWHULVWLFVRIWKHGHSRVHGOD\HUV&DVH
6WXGLHVLQ7KHUPDO(QJLQHHULQJ
&KDPSDJQH9.7KH&ROG6SUD\0DWHULDOV'HSRVLWLRQ3URFHVV)XQGDPHQWDOVDQG$SSOLFDWLRQV
'RZGHQ-7KHWKHRU\RIODVHUPDWHULDOVSURFHVVLQJ
)UHQN$.XU]:+LJKVSHHGODVHUFODGGLQJVROLGLILFDWLRQFRQGLWLRQDQGPLFURVWUXFWXUHRIDFREDOWEDVHGDOOR\0DWHULDOV6FLHQFHDQG
(QJLQHHULQJ$
+HPPDWL,2FHOLFN9'H+RVVRQ-7K07KHHIIHFWRIFODGGLQJVSHHGRQSKDVHFRQVWLWXWLRQDQGSURSHUWLHVRI$,6,VWDLQOHVVVWHHO
ODVHUGHSRVLWHGFRDWLQJV6XUIDFH	&RDWLQJ7HFKQRORJ\
+HPPDWL,2FHOtN9'H+RVVRQ-7K0(IIHFWVRIWKHDOOR\FRPSRVLWLRQRQSKDVHFRQVWLWXWLRQDQGSURSHUWLHVRIODVHUGHSRVLWHG1L
&U%6LFRDWLQJV3K\VLFV3URFHGLD±
+DR/-LQJELQ+=KHQJWRQJ+*DQJ<;LXOL++DLIHQJ<0LFURVWUXFWXUDOHYROXWLRQDQGERQGLQJFKDUDFWHULVWLFLQPXOWLODVHU
FODGGLQJRI1L&R&UDOOR\RQFRPSDFWHGJUDSKLWHFDVWLURQ-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\±
2FHOLN9)XUDU,'H+RVVRQ-7K00LFURVWUXFWXUHDQGSURSULHWLHVRIODVHUFODGFRDWLQJVWXGLHGE\RULHQWDWLRQLPDJLQJPLFURVFRS\
$FD0DWHULDOLD
4LQJ<X+,QIOXHQFHRIPRO\EGHQXPRQWKHPLFURVWUXFWXUHDQGSURSHUWLHVRID)H&U%6LDOOR\FRDWLQJGHSRVLWHGE\SODVPDWUDQVIHUUHG
DUFKDUGIDFLQJ6XUIDFH	FRDWLQJWHFKQRORJ\
6HEDVWLDQL00RVFDWHOOL55LGL)%DJOLRQL3&DUDVVLWL)+LJKUHVROXWLRQKLJKVSHHGQDQRLQGHQWDWLRQPDSSLQJRIFHPHQWSDVWHV
8QUDYHOOLQJWKHHIIHFWRIPLFURVWUXFWXUHRQWKHPHFKDQLFDOSURSHUWLHVRIK\GUDWHGSKDVHV0DWHULDOVDQG'HVLJQ±
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